Abstract Musculoskeletal diseases are highly prevalent with staggering annual health care costs across the globe. The combined wasting of muscle (sarcopenia) and bone (osteoporosis)-both in normal aging and pathologic states-can lead to vastly compounded risk for fracture in patients. Until now, our therapeutic approach to the prevention of such fractures has focused solely on bone, but our increasing understanding of the interconnected biology of muscle and bone has begun to shift our treatment paradigm for musculoskeletal disease. Targeting pathways that centrally regulate both bone and muscle (eg, GH/IGF-1, sex steroids, etc.) and newly emerging pathways that might facilitate communication between these 2 tissues (eg, activin/ myostatin) might allow a greater therapeutic benefit and/or previously unanticipated means by which to treat these frail patients and prevent fracture. In this review, we will discuss a number of therapies currently under development that aim to treat musculoskeletal disease in precisely such a holistic fashion.
Introduction
Musculoskeletal diseases are highly prevalent, affecting up to 1 in every 2 individuals in western countries [1, 2] . Moreover, the annual cost of these diseases is staggering, estimated at nearly 8 % GDP in USA ($850 billion) and an even greater proportion of GDP in other countries (eg, 10 % GDP or $4.5 billion in Australia). As the world's population ages, the sequelae of musculoskeletal wasting, falls, and fractures are a highly concerning health problem; not only for their financial impact, but as well for the significant increases in patient morbidity, the need for assisted care, and mortality [3] . Falls/ fractures represent the common end-point in the age-related involution of bone (osteoporosis) and muscle (sarcopenia) [4••] . In this regard, the combined wasting of muscle and bone-both in normal aging and pathologic states-can lead to vastly compounded risk for fracture in patients. Reduced muscle mass can lead to poor balance and falls, and these falls are then more likely to result in fractures due to the osteoporotic bone's inability to withstand load.
Until now, our therapeutic approach to the prevention of low-energy fracture has focused solely on bone. While osteoporosis has been clearly defined, sarcopenia and its end-points remain open to debate [5] . Sarcopenia has been provisionally defined on the basis of anthropomorphic parameters (appendicular lean mass relative to height or corrected for body weight/fat mass) [6] , performance-based parameters (lower limb strength, timed up and go test, walking speed) or a combination of both (lower limb strength/leg lean mass on DXA) [7] . The unclear relationship between muscle mass and function and sex-specific differences highlight difficulties in reaching a consensus definition that corresponds to clear outcomes.
A paradigm shift may be underway with increasing recognition of the interaction of 2 adjacent tissues, bone and muscle. As we are becoming increasingly aware, these interactions are not merely at their anatomic interface or related to mechanical effects of muscle loading on bone function. Rather, bonemuscle interaction encapsulates an intimate relationship, in which bone and muscle communicate via complex paracrine and endocrine signals to coordinate their growth and development from their earliest embryologic stages to involution, as well as to adapt in response to loading and injury [8••] . Research in bone-muscle interactions opens an immense field of potential therapeutic targets and the possibility of addressing osteoporosis and sarcopenia as a single disorder, rather than parallel pathologies, and may present the possibility of a way to 'treat 2 birds with 1 stone.' In this review, we will discuss factors involved in bone-muscle interactions and their therapeutic implications.
Muscle and Bone Development
The musculoskeletal system grows, functions, and ages as a finely coordinated unit. Muscle and bone are derived from a common mesenchymal progenitor during embryogenesis, and their development is closely coordinated by the action of myriad overlapping genes and growth factors [9, 10•] . In addition to these biochemical cues-and likely intertwined with them-mechanical force from developing muscle drives periosteal bone growth, bone density, and bone geometry; even during embryogenesis. Evidence of this integral association of bone and muscle during development can be observed in various mouse models, in which mice with paralyzed or nonfunctional muscle display severe impairments in bone development and mineralization [11, 12] . Likewise, children with Duchenne muscular dystrophy (DMD) and cerebral palsy are also known to have abnormal bones and a higher fracture risk [13, 14] .
The close coordination of bone and muscle development in mammals continues into adult life, driven in large part by sex steroids and the growth hormone/insulin-like growth factor-1 (GH/IGF-1) axis, which will be discussed in detail later. In puberty, the accumulation of lean mass precedes gains in bone mass, and skeletal muscle area determines cortical bone area [15, 16] . A similar link exists in aging adults, in whom lean mass is lost before bone mass, and again, muscle parameters correlate tightly with loss of bone mineral density [17, 18] . Muscle, therefore, seems to "set the pace" for both bone growth and involution-a point that may be key in considering our approach to treating musculoskeletal disease.
One possible explanation for the apparently dominant role of muscle in coordinating bone mass is that muscle loading induces a cascade of biomechanical signals necessary for bone growth and remodeling. In support of this notion, individuals exposed to a gravity-free environment, such as astronauts, experience dramatic bone loss due to lack of muscle loading [19] . However, this "mechanostat theory," as it is commonly known, presents an incomplete picture of bone-muscle interactions. Importantly, appendicular muscle mass correlates with bone cortical thickness even at remote sites and not just adjacent, mechanically loaded bone [20••] , suggesting additional paracrine or endocrine cross talk, by which bone and muscle coordinate their mass.
Further support for bone-muscle cross talk can be observed in fracture repair, where it has been repeatedly demonstrated that the presence of healthy muscle tissue is a positive factor for fracture healing. For example, the use of muscle flaps in the treatment of open fractures results in faster rates of bone healing in both mice and humans [21, 22] . In addition, the rate of nonunion is markedly higher in fractures associated with acute compartment syndrome, where muscle viability is compromised [23] . In this regard, skeletal muscle may represent a kind of "second periosteum", providing trophic factors, morphogens, and even cells to aid bone repair. Several myokines with potential effects on bone have been proposed, including myostatin, interleukin 6 (IL6), fibroblast growth factor 2 (FGF2), and matrix metalloproteinase 2 (MMP2), amongst others [24] [25] [26] . Communication between bone and muscle is likely bi-directional, and bone may also 'talk back' to muscle via a range of osteokines, such as FGF21 produced by osteocytes and other factors [27••] . Additionally, common pathways such as GH/IGF-1, sex steroids and Wnt signaling can centrally coordinate the bone-muscle unit during development and adaptation to mechanical stimuli [20••, 28] .
Thus, a complex interplay of mechanical, endocrine, and paracrine signals exists between muscle and bone that serves to coordinate their mass and function throughout life. In the following sections, we will discuss some of these common pathways that have been, or are currently being investigated, as possible targets to treat musculoskeletal diseases. Unraveling the individual effects of these pathways and stimuli poses significant experimental challenges. However, achieving a more thorough understanding of the biochemical links that intertwine bone and muscle physiology is critical for the discovery of therapeutic targets that may lead to a more holistic approach to musculoskeletal disease.
Growth Hormone (GH) and GH Secretagogues
GH plays a fundamental role in bone and muscle growth during childhood and puberty. It also exerts important effects throughout life in glucose and lipid metabolism [29] , body composition and bone mineralization [30] . GH is secreted in a pulsatile manner by the pituitary gland and acts by specific growth hormone receptors (GHR) in peripheral tissues, or indirectly through induction of insulin-like growth factor-1 (IGF-1) [31••] . Circulating IGF-1 is produced mainly in the liver, but it is also produced locally in numerous peripheral tissues, including muscle during exercise [32] and regeneration [33] . GH/IGF-1 signaling is complex and tissue-specific, involving JAK/STAT, PI3K, and ERK pathways [34, 35] . Effects of GH in muscle cell proliferation, fiber size and fiber type depend on IGF-1, whilst effects on insulin sensitivity are IGF-1-independent [31••] . In bone, GH/IGF-1 promotes osteoblast proliferation and differentiation, inhibits osteoclast activity, and modulates renal 1α-hydroxylase, (which activates 25-OH-Vitamin D) and phosphate reabsorption [36] [37] [38] [39] .
Patients with GH deficiency or congenital mutations of GH signaling display short stature, impaired muscle development, and failure of epiphyseal fusion, which respond to GH or IGF-1 replacement, respectively [40] . Even in healthy, GH-replete patients, serum GH and IGF-1 levels decline during aging and are correlated with losses in muscle, bone, and an increased risk of osteoporotic fracture [41] . Furthermore, muscle levels of growth hormone receptor (GHR) drop in proportion to reduced muscle fiber size in older adults [42] , and bone responsiveness to IGF-1 also decreases with age [43] . Given these correlates, its central role in postnatal growth, and examples of effective treatment in pathologic states, GH would seem a logical therapeutic for musculoskeletal disease.
However, treatment of older adults with recombinant human growth hormone (rhGH) to reverse age-related changes in muscle, bone, and fat is controversial. In the landmark study by Rudman and colleagues, 12 older men treated with rhGH for 6 months showed increases in lean mass (8.8 %) and lumbar bone density (1.6 %), reduced fat mass (14.4 %), and no change in femoral neck bone density [44] . These results were consistent with effects of GH treatment in adults with hypopituitarism [45] and sparked intense interest in GH as an 'anti-aging' therapy. However, subsequent studies and a metaanalysis of 18 randomized controlled trials reported more modest changes in lean mass, inconsistent effects in bone density and physical function, and a number of side effects of rhGH treatment in older patients, including arthralgias, edema, carpal tunnel syndrome, and diabetes [46] [47] [48] . It should be noted that these studies were generally small, the treatment duration was short (~6 months) and follow-up times and rhGH dosing were variable.
Additional concerns surround the possibility that GH therapy might increase mortality. Reduced GH/IGF-1 signaling has been demonstrated to increase lifespan in worms, flies, and rodents [49] . A similar observation can be made in humans, where GH deficiency and resistance are associated with advanced longevity [40] , and short individuals are more likely to live longer than tall individuals from the same population [50] . Conversely, acromegaly (GH-secretory pituitary adenoma) leads to increased mortality due to cardiovascular disease and cancer. The question of whether GH therapy increases mortality has yet to be adequately addressed.
Despite this uncertainty, equivocal effects in body composition, and reported side effects (eg, edema, diabetes), a multibillion dollar industry based on the off-label use of rhGH as anti-aging therapy has emerged in the US. The case of an 86 year-old male with Crohn's disease who developed metastatic colon cancer 7 years after commencing rhGH for antiaging is concerning [51] . The tumor showed greater expression of IGF-1 receptor, suggesting a direct link with rhGH. Larger and longer-term studies are needed to determine the risk: benefit ratio of rhGH in elderly patients, its functional effects in osteoporosis and sarcopenia, and address long-term safety concerns. Proteins involved in tissue-specific GH/IGF-1 signaling in muscle and bone, such as Grb10 [52] , SOCS proteins, and local isoforms of IGF and IGF binding proteins (IGFBP) [53] may provide future therapeutic targets that could circumvent undesirable side effects of GH therapy.
Another alternative to rhGH therapy is the use of GH secretagogues. In principle, these agents are "more physiological" than administration of rhGH, as they result in pulsatilerather than prolonged-elevation of GH and preserve negative feedback by IGF-1. Small studies of GH secretagogues (including GHRH-1,44-amide and ghrelin mimetic MK-677) confirmed increases in GH and IGF-1 levels, showed improvements in lean mass, no change in bone density, and inconsistent effects in physical function [54, 55] . In the largest clinical trial of a GH secretagogue, 395 older individuals were randomized to capromorelin or placebo for a planned 2-year period [56] . The trial was ceased prematurely as significant increases in weight gain (1.4 kg at 6 months) offset improvements in lean body mass. This probably resulted from an appetite-stimulating effect of this drug, a ghrelin mimetic. Interestingly, 2 of 6 functional parameters improved significantly by 12 months, namely tandem walking and stair climbing [56] , but older patients in this trial were healthy with mild functional decline. It remains to be seen whether GH secretagogues demonstrate similar functional effects, or improvements in bone parameters, in a more frail population.
Androgens
Sex steroids are another critical player in regulating growth that might serve as a potential bone-muscle therapeutic, in particular, androgens. Apart from their established effects in the reproductive system, androgens exert anabolic effects in muscle and bone-the former being quite easy to appreciate in professional bodybuilders. The mechanisms by which androgens exert their anabolic actions in muscle and bone are complex and extend beyond simply androgen receptor (AR) activation in these tissues. In bone, testosterone must first be converted to estrogen (aromatization) to exert effects on osteoclast activity via estrogen receptors [57] . In muscle, testosterone stimulates protein synthesis, leads to muscle fiber hypertrophy, and increases myonuclei and satellite cell number, suggesting effects on pluripotent precursors [58] .
Clinically, men with classic hypogonadism develop muscle wasting and osteoporosis that are reversible with testosterone therapy [59••] . HIV-positive men and glucocorticoid-treated men also display increases in lean mass and muscle strength following testosterone supplementation [60] . Elderly males with reduced testosterone levels are more likely to have muscle/bone loss and a higher fracture risk [61] , but testosterone replacement is controversial in this group. Studies demonstrate significant increases in lumbar BMD in older men receiving testosterone [62, 63] . This effect was more pronounced in those receiving intramuscular rather than transdermal formulations, and in general, there was no improvement in femoral neck BMD. Despite increases in lean mass, effects of testosterone on muscle strength are heterogeneous with a tendency to improved leg/knee extension and handgrip strength [63] . In 1 randomized trial of frail, older men, transdermal testosterone led to improved physical function and increased fat-free mass after 6 months [64] . However, no clinical trials have evaluated the effects of testosterone on hard outcomes such as falls or fractures.
There are also safety concerns about long-term use of testosterone in vulnerable, older patients. In particular, data on cardiovascular events and prostate cancer are limited; trials are also not sufficiently powered to assess such effects [65•] . The risk of obstructive sleep apnea and polycythemia in individuals using testosterone is also higher. In 2003, the Institute of Medicine (IOM) reported that the existing evidence-base was so equivocal that it could not even recommend large-scale clinical trials without better short-term evidence [66] . However, the US Endocrine Society advocates an individualized approach in the consideration of testosterone therapy in older men [59••] . Despite the uncertainty, prescription sales of testosterone in the US have grown by about 25 % annually between 1993 and 2002, suggesting that increasing proportions of older males are using these medications [66] .
Selective Androgen Receptor Modulators (SARMs)
The 'holy grail' of decades of preclinical research has been a highly tissue selective and safe agent that does not inhibit gonadotropins [67•] . Selective Androgen Receptor Modulators (SARMs) have been developed to produce anabolic effects in muscle and bone without the dose-limiting androgenic effects associated with testosterone (eg, prostate growth, acne, oily skin). These compounds achieve tissue selectivity by differences in gene regulation, tissue distribution, and local interactions with aromatase and 5-alpha-reductase [60] . In general, nonsteroidal SARMs (eg, aryl propionamides, quinolines) have greater AR specificity, oral bioavailability, and tissue selectivity than their steroidal counterparts (eg, 17-alpha-methyl-testosterone, 19-nortestosterone) and have, therefore, progressed further. Andarine (also known as 8 or S-4) has been described as the ideal SARM due to single daily dosing, complete oral bioavailability and a wealth of preclinical data reporting anabolic muscle and bone effects [68] . Early clinical data were also encouraging, and a related compound, Ostarine (GTx-024, enobosarm), showed increases in lean mass and physical function in elderly men, postmenopausal women, and cancer patients in randomized controlled trials [69, 70•] . There was no improvement in BMD, but this may have been due to the relatively short study period of 3 months [69] . A phase III trial is currently underway for Ostarine, focusing on cancer cachexia in particular. Another agent, LGD-4033, increased lean mass and strength in healthy males after 3 weeks [71] , and according to the company, increased bone mass in preclinical studies (www.ligand. com/). A phase II trial for this agent is currently in development for disorders associated with muscle wasting (eg, cancer, fracture). Other nonsteroidal SARMs such as BMS-564929 and LGD-2941 are currently in phase I trials for age-related functional decline.
The first steroidal SARM to enter clinical trials, MK-0773, showed increases in lean mass but no change in physical function or bone mineral content over 6 months in women aged >65 years [72•] . It has now entered a phase II trial for sarcopenia. Clinical data on the efficacy and safety of SARMs continues to emerge, and they hold great promise as anabolic and function-promoting agents in a range of musculoskeletal conditions. However, functional outcomes and long-term side effects of these agents remain to be seen.
Vitamin D
In addition to sex steroids, a number of other hormone pathways impinge on bone and muscle development and may present viable therapeutic targets to treat musculoskeletal diseases. Vitamin D is one such hormone, and while its importance in bone physiology is quite well established, our understanding of its involvement in muscle physiology and function is only emerging. The biologically active form of vitamin D, 1,25(OH) 2 D, is a bona fide hormone that binds to a nuclear receptor (VDR), regulates gene expression, and exerts effects on mineral homeostasis, tissue development, and cell cycle [73•] . Effects of vitamin D in bone and muscle are mainly indirect, resulting from effects on calcium and phosphate homeostasis [74, 75] . In bone, direct effects of vitamin D are also possible, as both osteoblasts and osteocytes express VDR [76•] . Osteoblast VDR inhibits bone mineralization to preserve normal serum calcium levels [77] and consistent with this, osteoblast-specific VDR knockout mice display increased bone density [78] . Conversely, VDR overexpression in osteoblasts and osteocytes protects against the bone effects of vitamin D deficiency [79] . By contrast, whether the VDR is expressed in muscle remains controversial, but studies in cultured muscle cells and VDR knockout mice suggest that vitamin D signaling does play a role in muscle differentiation and fiber size regulation [80, 81] .
In humans, severe vitamin D deficiency leads to osteomalacia and muscle weakness due to type II muscle fiber atrophy [73•] . Vitamin D deficiency is common in the elderly, owing to both nutritional deficits and lack of sun exposure, and has been associated with falls, sarcopenia, and osteoporosis [82, 83] . One study even observed a reduction in the levels of VDR in muscle with age, suggesting an even greater vulnerability of older individuals to low vitamin D levels [84] .
Randomized trials have demonstrated that vitamin D supplementation reduces the risk of falls and fractures in older, institutionalized individuals [85, 86] . However, the effects of vitamin D supplementation are less clear amongst those living in the community. Although vitamin D supplementation may increase femoral neck and hip BMD in such individuals, this effect is small and not associated with reduction in fracture risk [87, 88] . Interestingly, vitamin D supplementation may increase muscle fiber size in frail, older patients [89•] , confirming effects demonstrated at a cellular level [81] . Whether these effects on fiber size translate into any functional benefit (eg, muscle strength or improved physical performance measures) is not clear without standardized end points for muscle function in these trials [ . Perhaps most attractive for treating musculoskeletal disease because of its availability and ease of use, the ongoing uncertainty regarding risks and benefits of vitamin D supplementation, together with continued controversy regarding optimal serum levels, point to a need for further study; especially in the context of its potential effects on skeletal muscle.
Exercise and Nutrition
Perhaps the simplest of all possible therapies to treat-or in this case, even more importantly, prevent-musculoskeletal disease is also one of the most difficult to implement. For many years, health professionals have been advising patients with osteoporosis to engage in weight-bearing exercise. The benefits of exercise in elderly patients are quite clear: improved muscle tone and balance to prevent falls and attenuation of bone loss, particularly at the femoral neck [93, 94] . Sufferers of chronic diseases, such as breast cancer, may also prevent muscle and bone loss by regular strength training and exercise [95] . Unfortunately, the positive effects of exercise on bone and muscle can only be maintained through continued engagement in the activity; a fact with which many of us who sit at desks and write papers about musculoskeletal therapies are all too familiar. For example, a study of premenopausal women demonstrated that 6 months after ceasing regular exercise, positive effects in muscle strength and BMD were lost [96] . An additional confounder in recommending exercise, there is no clear consensus on the type, intensity, or duration of exercise that is most effective. However, regular walking has shown positive effects on muscle and bone in elderly individuals [93] . Even low magnitude mechanical signals have been demonstrated to have positive effects on bone and muscle [97] , providing an encouraging prospect for those who have restricted mobility due to prior injury or concomitant disease. Electrical muscle stimulation may also prevent muscle and bone loss, as demonstrated in patients with spinal cord injury [98] .
Nutrition provides substrates necessary for bone matrix and mineral (protein, calcium, magnesium, phosphate) and muscle accretion (protein). Nutrition is of particular concern in the elderly, where malnutrition affects up to 40 % of those living in institutions. Moreover, 20 % of older individuals in the USA consume inadequate protein, as defined by <0.66 g/kg/ actual body weight per day [99, 100] . Although an association between dietary protein intake and lean mass exists [101] , the use of protein supplementation to reduce sarcopenia is controversial. Small trials suggest that 25-30 g of high-quality protein is necessary to maximize skeletal muscle protein synthesis [102] . However, a meta-analysis of 62 trials found no improvement in physical function in elderly patients on highenergy protein supplements [103] .
Another concern has been the co-occurrence of muscle wasting and visceral adiposity, known as "sarcopenic obesity". This is associated with functional disability and osteoporosis, possibly related to adipocyte infiltration in bone and muscle and subsequent pro-inflammatory state [8••] . The addition of exercise training to energy restriction preserves muscle mass during periods of weight loss in older adults [104] . Activin signaling inhibitors, discussed below, show promising results in the reduction of fat mass whilst increasing lean mass [105] .
The use of calcium supplements and their benefit in bone health is similarly controversial. Calcium supplements may lead to small benefits in bone mineral density, but they do not clearly reduce fracture risk and their effects do not persist beyond their duration of use [106] . A potentially increased risk of myocardial infarcts with calcium supplements have also called the benefits of calcium supplementation into question [107] . Taken together, exercise, and dietary interventions would seem to produce equivocal results, at best, in elderly patients with existing osteoporosis and sarcopenia. However, their value as both preventative and concurrent approaches to help maintain bone and muscle mass should not be overlooked, especially given the additional health benefits of exercise and proper nutrition in other organ systems (eg, cardiovascular).
Activin Signaling Inhibitors
In addition to the more 'classical' pathways involved in muscle and bone development discussed already, recent studies have suggested that the activin signaling pathway-well known for the suppressive effects of myostatin on muscle mass-may represent another shared pathway between muscle and bone. Myostatin is a member of the TGF-β superfamily and a muscle-derived hormone that was first discovered in 1997 [108] . Myostatin deficiency results in increased muscle mass in several species, including humans [108, 109] . Conversely, increases in myostatin may partially explain the muscle wasting observed in patients with chronic diseases such as renal failure [110] , HIV [111] , and chronic obstructive pulmonary disease [112] . Myostatin exerts these effects on muscle by binding to a transmembrane receptor, activin receptor IIB (ActRIIB), ultimately activating Smad family proteins and downstream signals that lead to muscle protein breakdown via the ubiquitin-proteasome system. There is also a closely related ActRIIA that binds additional activin ligands (but can weakly bind myostatin) and shares some functional overlap with ActRIIB in muscle [113, 114] . More recently, the activin signaling pathway has also been shown to affect bone development and remodeling. Polymorphisms in the myostatin gene are associated with peak bone mineral density [115] . Myostatin knockout mice display increased BMD and bone mineral content (BMC) [24, 116] and greater callus size following osteotomy [117] . These anabolic effects on bone were predominantly believed to be related to increased mechanical loading, secondary to increased skeletal muscle mass. However, direct effects of activin/myostatin on bone are also possible, as bone marrow stromal cells and osteoblasts express activin receptors, and modulating the pathway in vitro appears to affect bone cell differentiation [118•, 119•] .
The activin signaling pathway is an attractive therapeutic target for musculoskeletal disease, given the evidence to suggest that it might function to negatively regulate both bone and muscle mass. Indeed, several inhibitors of this pathway have already been developed, including myostatin-neutralizing antibodies/propeptide, recombinant follistatin (an endogenous inhibitor that binds and sequesters ligands), follistatin derivatives, and soluble activin receptors [114] . Mice treated with such agents demonstrated substantial increases in muscle mass and strength [26, 118•] . Positive effects on muscle mass were also reported in mouse models of androgen deficiency [120] , muscular dystrophy [121] , and cancer cachexia [122] . In addition to the expected effects on skeletal muscle, ActRIIB-Fc also increased bone formation rates and bone mineral density in mice and demonstrated direct effects on osteoblast activity [118•, 123•] . Similar bone anabolic responses were also seen in primates administered soluble ActRIIA [124] . Interestingly, a myostatin propeptide had no effect on bone parameters in mice, despite increasing muscle mass [125•] . This difference in tissue response highlights the possibility that specific components in the pathway could be exploited therapeutically to achieve different benefits (eg, bone and muscle anabolic, only muscle anabolic, etc.), depending on the disease context. In addition to these preclinical studies, inhibitors of the activin signaling pathway have also been tested in human phase 1 and 2 trials. A recombinant human myostatin antibody (MYO-029, Stamulumab) was found to be generally safe in healthy individuals (NCT00563810) and adults with muscular dystrophy [126] . Although MYO-029 resulted in improved contraction in single muscle fibers [127] , increases in muscle mass on DXA were not statistically significant. Moreover, no improvement in muscle strength was observed in 116 patients with muscular dystrophy [126] , although this study was not adequately powered to detect changes in muscle function. In a double-blind, placebo-controlled study of 48 postmenopausal women, a single dose of ACE-031 (soluble ActRIIB decoy receptor) resulted in significant increases in lean mass (3.3 %) and thigh muscle volume (5.1 %) on DEXA and MRI after 1 month [128•] . Although grip strength was measured at baseline, changes following treatment were not reported. ACE-031 also resulted in a significant increase in bone-specific ALP and decrease in C-telopeptide, indicating increased bone remodeling. The company reported a significant 3.4 % increase in bone mineral density (BMD) at 113 days in a phase 1b trial of 60 postmenopausal women on ACE-031 (www.acceleron.pharma.com/), although this trial has not been published or subject to peer review.
Targeting this pathway is not without its issues however. First noted in trials of children with DMD (NCT01099761, clinicaltrials.gov) and postmenopausal women receiving higher doses of ACE-031 [128•] , side effects include nosebleeds and skin telangiectasia. Although not serious in itself, this phenomenon does raise concerns about unrecognized, systemic effects of ActRIIB inhibition. Other off-target effects include significant reduction in serum FSH levels (43 %) after a single dose of ACE-031 (3 mg/kg), most likely related to suppression of activin/GnRH signaling [128•] , and alteration of fat mass and metabolism [105] . In this regard, antibodies directed against activin receptors could potentially offer a means to avoid off target effects seen with soluble receptor administration by allowing more specific targeting of IIA vs IIB receptor and varied blockade kinetics. A recent study showed that a novel anti-ActRIIA antibody (BYM338) was twice as effective as a myostatin-specific inhibitor (D76A) in increasing muscle mass in mice [129•] . The effect of BYM338 was partly myostatin-independent as confirmed by its effects in myostatin mutant mice. Interestingly, BYM338 also resulted in increases in muscle IGF-1 and prevented glucocorticoidinduced muscle wasting by reducing levels of E3 ubiquitin ligases, MAFbx, and MuRF1.
Clinical studies of various activin pathway inhibitors are still in their infancy, but they have yielded promising results for the therapeutic potential of modulating this pathway to treat musculoskeletal disease. Larger, prospective studies are, of course, necessary to establish the long-term safety and efficacy of these agents.
Myokines and Future Directions
In addition to myostatin, a number of recent studies have demonstrated other muscle-secreted factors-termed myokines-that can serve as paracrine/endocrine factors to influence other organ systems, including bone. These myokines include myostatin, LIF, IL-6, IL-7, BDNF, IGF-1, FGF-2, FSTL-1, and irisin [25] . Given that we have already discussed therapeutics targeted at 2 of these myokines (myostatin and IGF-1, albeit secondary to GH), it is likely that further study of muscle-bone interactions will reveal other myokines as candidate therapeutic targets to treat musculoskeletal disease.
Importantly, many of these myokines could impact bone and muscle secondarily, through actions on other tissues and organs, as the interconnectedness of bone and muscle extends well beyond just one another. In recent years, endocrine pathways have been elucidated that connect bone metabolism to the pancreas, fat, and brain; all organs also interconnected with muscle. It is not unreasonable to suspect that impinging upon a "middle man" could exert profound effects on muscle and/or bone. One such example can be envisaged for the myokine IL-6, which has been demonstrated to increase the secretion of insulin from the pancreas [130] . Insulin could then feed into the bone-pancreas endocrine loop to exert secondary effects upon bone [27••] . Such systems biologybased approaches to understanding the interaction of muscle and bone-with each other and other organs-could even result in treatments for musculoskeletal disease that target entirely different organ systems to exert their effect on muscle and bone (eg, CNS or fat). This represents a truly exciting future direction for study.
Conclusions
Osteoporosis and sarcopenia are closely related conditions characterized by age-related involution of the bone-muscle unit. Functionally, this progressive muscle and bone loss leads to falls, fractures, deconditioning, and further muscle wasting, all of which can be exacerbated by additional disease pathology. While previous efforts to reduce fracture were heavily geared toward treating bone as a separate organ, our increasing understanding of bone-muscle interactions has highlighted that targeting the bone-muscle unit as a whole may break this 'vicious cycle' of musculoskeletal atrophy even more effectively. There has been significant progress in the development of novel anabolic agents for bone and muscle, most notably SARMs and activin pathway inhibitors, and exciting new opportunities for targeting myokines may be on the horizon.
Developing therapeutic treatments to holistically treat musculoskeletal disease is not without significant challenge however, and one of the largest hurdles is related neither to the targets nor their biology. Rather, it lies within the definition of the condition itself; sarcopenia and its endpoints are poorly defined. Moreover, functional outcomes and markers are needed to clarify a positive outcome in the 'musculoskeletal unit' and guide efficacy trials. These topics are under vigorous debate and are of critical importance for advancing musculoskeletal therapeutics. As with any therapeutic development, safety has also been a concern. Telangiectasia, bleeding, and gonadotropin suppression in patients on activin pathway inhibitors highlight our incomplete understanding of systemic activin/myostatin signaling [128•] . Similar issues have been overcome for other pathways, however. To avoid undesirable systemic effects of androgens, SARMs selectively target muscle and bone. Concerns of nonphysiological GH levels, and possible related side effects, with GH administration have been addressed with GH secretagogues, which preserve IGF-1-mediated negative feedback of GH [60] . Finally, systems biology-based research may prompt us to consider other tissues that participate in bonemuscle interactions, such as fat and nerves, as future potential therapeutic targets [8••] . Collaborative efforts by basic scientists, clinicians, and industry are needed to address these complex issues and energize the clinical development of novel bone-muscle therapies. 
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